OncoGel TM incorporates paclitaxel, a mitotic inhibitor, into ReGel TM , a thermosensitive gel depot system to provide local delivery, enhance efficacy and limit systemic toxicity. In previous studies the alkylating agent temozolomide (TMZ) incorporated into a polymer, pCPP:SA, also for local delivery, and OncoGel were individually shown to increase efficacy in a rat glioma model. We investigated the effects of OncoGel with oral TMZ or locally delivered TMZ polymer, with and without radiotherapy (XRT) in rats with intracranial gliosarcoma. Eighty-nine animals were intracranially implanted with a 9L gliosarcoma tumor and divided into 12 groups that received various combinations of 4 treatment options; OncoGel 6.3 mg/ml (Day 0), 20 Gy XRT (Day 5), 50 % TMZ-pCPP:SA (Day 5), or oral TMZ (50 mg/kg, qd, Days 5-9). Animals were followed for survival for 120 days. , therefore median survival was not reached. OncoGel/TMZ polymer and OncoGel/oral TMZ/XRT had 100 % LTS (p \ 0.0001 and p = 0.0001 vs. oral TMZ/ XRT, respectively). These results indicate that OncoGel given locally with oral or locally delivered TMZ and/or XRT significantly increased the number of LTS and improved median survival compared to oral TMZ and XRT given alone or in combination in a rodent intracranial gliosarcoma model.
Introduction
Despite advances in medical therapy for the treatment of brain tumors, with recent therapies increasing the median survival (MS) from 9 to 21 months [1] , there remains a need for further improvement in the treatment of glioblastoma multiforme (GBM). Ongoing research in tumor biology has identified that multiple signaling pathways play a key role in tumor progression. Utilizing combinations therapies that synergistically target different pathways, therefore, appears to be a logical strategy for improving the efficacy of current therapies.
Temozolomide (TMZ) is an FDA approved alkylating agent that has been shown to improve survival in patients with newly diagnosed glioblastoma [2] or recurrent anaplastic astrocytomas [3] when administered orally. TMZ is typically used for the treatment of malignant glioma in conjunction with radiation therapy and following surgical resection. When dose escalation studies revealed severe hematologic toxicity at higher doses [4] [5] [6] with no neurological side effects observed at the highest doses [2, 7] , we developed a method for local delivery of TMZ using a biodegradable polymer and found this to have enhanced efficacy when compared to oral TMZ in a rodent model of glioma [8, 9] .
Paclitaxel is a mitotic inhibitor with established efficacy against glioma in vitro [10, 11] and is known to sensitize glioma cells to radiation therapy [12, 13] . However, successful translation to clinical use has been impeded by its poor blood brain barrier permeability and consequently its inability to reach an adequate concentration within the CNS at non-toxic doses [14] [15] [16] . To overcome these issues, we and other investigators have explored the local delivery of paclitaxel to the brain by various methods such as polymeric as well as convection-enhanced delivery [17] [18] [19] [20] . We recently reported a novel method of local paclitaxel delivery by stereotactic injection of OncoGel, a thermal gel depot containing paclitaxel [21] . In this study, OncoGel was found to be safe for intracranial injection in rodents, effective against an intracranial rodent glioma model and provided a synergistic effect with radiation therapy in rats challenged with 9L gliosarcoma. We also recently demonstrated that intramedullary injection of OncoGel is safe and improves survival and functional outcome in a rodent model of intramedullary spinal cord gliosarcoma [22] .
Since TMZ and paclitaxel have different mechanisms of action, we hypothesized that the combination of TMZ and OncoGel might have greater efficacy than either drug's effect alone. In this report, we examine the possible synergistic effect of OncoGel and oral or locally delivered TMZ in a rodent model of gliosarcoma. Since nearly all patients with glioma receive radiation therapy, we also examined the effect of these combination chemotherapies when given along with adjuvant radiotherapy.
Methods

Study materials
OncoGel contains [6.3 mg paclitaxel/ml ReGel, where ReGel is a thermosensitive, biodegradable triblock copolymer composed of poly (D,L-lactide-co-glycolide) and poly (ethylene glycol)], and was provided by Protherics Salt Lake City Inc., and stored at -20°C. It was thawed at 4°C for 72 h before each experiment and subsequently maintained on ice until use. Stereotactic injections were performed with a Hamilton syringe (Model 700, Hamilton Company) with a Luer lock tip and a modified shortened needle (*1.5 cm long).
Temozolomide, provided by the National Institute of Health/National Cancer Institute (Bethesda, MD), was incorporated into a polyanhydride poly (1,3-bis-[p-carboxyphenoxy propane]-co-[sebacic anhydride]) (CPP:SA) polymer by methods described previously [23] .
9L gliosarcoma cells were obtained from the Brain Tumor Research Center (University of California at San Francisco, CA).
Study animals
Female Fischer 344 rats, weighing 125-175 g each, were purchased from Harlan Bioproducts (Indiana, Indianapolis), housed in standard facilities and given free access to food and water. All animals were treated in accordance with the policies and guidelines of the Johns Hopkins University Animal Care and Use Committee.
Efficacy study
For intracranial implantation of the 9L gliosarcoma, 87 F344 female rats were anesthetized and implanted with tumor as described previously [9, 21] and then were divided into the following groups-control (no treatment) (n = 7); 35 ll OncoGel (6.3 mg/ml) intracranially injected on Day 0 (n = 6); 50 % TMZ CPP:SA polymer implanted on Day 5 (n = 8); Oral TMZ (50 mg/kg) given p.o. Days 5-9 ? XRT on Day 5 (n = 6). The experiment was continued for 120 days and animals that survived to that point were deemed to be long term survivors (LTS).
Radiation therapy
Anesthetized rats were placed at a fixed distance from the radiation source in a Cs137 laboratory irradiator (Mark 1 Irradiator, model 68; J. L. Shepherd Associates, San Fernando, CA), and shielded with a square primary collimator (1 cm in diameter) centered over the tumor implantation site. The dose rate at this setting was 2.94 Gy/min and the body was externally shielded from the radiation. External beam single-dose radiation treatment was subsequently delivered at a dose of 20 Gy to XRT treatment animals 5 days after tumor placement.
Histological analyses
At the time of death or sacrifice at the end of the experiment (Day 120), brains were extracted, stored in formalin, and sectioned for histological analysis. Sections were examined to confirm the presence or absence of tumor growth and to determine if there was any adverse effect of OncoGel, local TMZ or XRT.
Statistical analyses
The primary outcome variable measured was the time to death from the day of tumor implantation (Day 0). KaplanMeier survival curves were generated and groups were compared using Kruskal-Wallis ANOVA followed by Wilcoxon rank-sum test since the data are nonparametric. GraphPad Prism 4.0 (GraphPad Software, Inc.) was used for all analyses. A probability value \ 0.05 was considered statistically significant for all comparisons.
Results
Effects of no treatment and single treatment options
In our 9L rodent gliosarcoma model, rats that did not receive any treatment (control, n = 7) had a MS of 15 days (with a range of 12-18 days) ( Fig. 1 ; Table 1 ). Treatment with XRT alone resulted in a modest increase in survival (MS = 19 days, p = 0.0002 vs. control) (with a range of 18-30 days). Oral TMZ significantly improved survival (MS = 28 days) when compared to control rats (p = 0.0002) (with a range of 25-32 days). However, there were no LTS with oral TMZ treatment. Adjuvant radiotherapy (Oral TMZ ? XRT) extended the MS to 36 days (p = 0.0002 vs. control) (with a range of 18-52 days) also with no LTS in this group either. Delivery of TMZ via local polymer implantation extended the MS to 35 days (p \ 0.0001 vs. control) with 50 % of the rats being LTS (a range of 21-120 days). The survival benefit conferred by local TMZ polymer treatment was also significantly better than oral TMZ administration (p = 0.0415). Adjuvant radiation therapy (Local TMZ ? XRT) further increased the survival (MS not reached; p \ 0.0001 vs. control) (with a range of 19-120 days) and there were 62.5 % LTS. However, there was no statistically significant increase in survival when compared to treatment with local TMZ alone (p = 0.8052). Administration of OncoGel extended the MS to 33 days (p = 0.0005 vs. control) (with a range of 23-120 days) and 50 % of the rats were LTS. Combination with radiation therapy (OncoGel ? XRT) further extended the survival (MS not reached, p \ 0.0001 vs. control) (with a range of 57-120 days) and increased the number of LTS to 87.5 %. This combination also resulted in a significantly higher survival than Oral TMZ ? XRT (p \ 0.0001).
In vivo efficacy of the combination of OncoGel and oral TMZ Combination of OncoGel with oral TMZ significantly increased the survival of tumor bearing animals compared to control rats (MS not reached; p = 0.0002 vs. control) (with a range of 51-120 days) as well as individual treatment groups (p = 0.0001 vs. Oral TMZ, p = 0.0001 vs. XRT). Also, 57 % rats were LTS. The survival in this group was also significantly better than rats that received Oral TMZ and XRT, a clinically utilized treatment regimen (OncoGel ? Oral TMZ:MS not reached, vs. Oral TMZ ? XRT:MS = 36 days, p = 0.0003). Moreover, the combination group (OncoGel ? Oral TMZ) had 57 % LTS (120 days) (with a range of 51-120 days) while all rats in the group treated with Oral TMZ and XRT died by 52 days (with a range of 18-52 days).
Addition of XRT to the combination regimen resulted in 100 % LTS and again, MS was not reached (p \ 0.0001 vs. control; p = 0.0001 vs. Oral TMZ ? XRT). This triple combination therapy also resulted in significantly better survival when compared to any of the agents alone (p = 0.0004 vs. Oral TMZ, p = 0.027 vs. OncoGel, p = 0.025 vs. Local TMZ and p \ 0.0001 vs. XRT), the current standard of treatment (p = 0.0001 vs. Oral TMZ ? XRT) and, the same combination without radiation therapy (p = 0.04 vs. OncoGel ? Oral TMZ).
In vivo efficacy of the combination of OncoGel and intracranial TMZ Median survival was not reached in the group that received the combination of OncoGel and intracranial TMZ polymer with 100 % rats being LTS (n = 8, p \ 0.0001 vs. control). The survival in this group was significantly higher than any of the individual treatments (p \ 0.0001 vs. Oral TMZ, p = 0.027 vs. OncoGel, p = 0.025 vs. Local TMZ, p \ 0.0001 vs. XRT). This group also had a significantly higher survival than rats treated with Oral TMZ and XRT (p \ 0.0001 vs. Oral TMZ ? XRT). In the group where OncoGel and local TMZ were combined with adjuvant radiation therapy (OncoGel ? local TMZ ? XRT), MS was not reached (with a range of 50-120 days) (p \ 0.0001 vs. control; p = 0.0001 vs. Oral TMZ ? XRT) and 75 % rats were LTS.
Histological analyses
All brains were examined histologically, including those that underwent spontaneous death as well as those sacrificed at 120 days and deemed LTS. Upon histological analysis, all untreated control rats were found to have tumor (Fig. 2a) . Additionally, all rats that died within the experimental time frame (\120 days) were found to have tumor. No tumor was seen in the animals euthanized on Day 120, however, there were some distinguishing features present, including dystrophic calcification, hemosiderinladen macrophages surrounded by reactive gliosis (Fig. 2c) , and some residual wafer in those animals that had been implanted with TMZ wafers. All of these histological findings were consistent with local treatment for brain tumors and were not lethal.
Discussion
Glioblastoma multiforme (GBM) is the most common primary malignant brain tumor in adults. Though current treatment-maximal safe surgical resection combined with radiotherapy and alkylating chemotherapy-prolongs survival, improvements need to be made [1, 2, 24] . In a large subset of patients, tumor cells express the DNA repair enzyme O(6)-methylguanine-DNA methyltransferase which confers resistance to alkylating agents, such as TMZ and carmustine, thereby causing these patients to respond poorly [25] . It is well known that the combination of two chemotherapeutic drugs with different mechanisms of action or different mechanisms of resistance can result in an additive or synergistic tumoricidal effect. For example, a recent retrospective review of 108 GBM patients treated with either Gliadel alone or Gliadel and Temodar showed an increase in survival in the combination group from 9 to 21 months [1] . This demonstrates that combinatorial drug therapies are a promising strategy for the treatment of GBM. Carmustine and TMZ, however, are both alkylating agents with similar mechanisms of action. To overcome this limitation, we explored the potential anti-tumor effect of the combination chemotherapy of TMZ and paclitaxel. These two chemotherapeutic drugs have: (1) Different mechanisms of action; (2) different resistance mechanisms; (3) non-overlapping toxicity profiles; (4) established efficacy in glioma; and (5) known synergistic effect in melanoma [26] [27] [28] . Consistent with our previous results, this study showed that local TMZ delivery was superior to controls as well as superior to oral TMZ in prolonging the survival of rats bearing 9L gliosarcoma. Also, confirming previous findings, rats treated with OncoGel alone performed significantly better than controls and the addition of radiation therapy further extended the survival [21] . One of the advantages of locally placing OncoGel at the tumor site is that the gel has a slow clearance rate from the cavity, with delivery times ranging from 1 to 6 weeks [29] . Recurrence of malignant gliomas occurs most often within 2 cm of the original site of resection [30] . Matthes et al. [31] injected OncoGel in a porcine pancreatic model and demonstrated that therapeutic concentrations of paclitaxel were detected at a distance of 3-5 cm from the depot. This is encouraging data for this aggressive and invasive tumor type.
When considering combination chemotherapy, it is essential to ensure that resistance to one cytotoxic agent does not induce cross-resistance to other potentially useful agents [32] . In this regard, it has been shown that the administration of paclitaxel has no effect on the in vitro sensitivity of different glioma cell lines to alkylating agents including TMZ [33] . Recent clinical studies have demonstrated that the combination of TMZ with Taxanes (paclitaxel or docetaxel) has a synergistic effect in metastatic melanoma [26] [27] [28] . Consistent with our expectations, all combinations of OncoGel with TMZ significantly prolonged survival in the rodent tumor model and no signs of systemic or neurological toxicity were observed. The combination of OncoGel with oral or local TMZ resulted in 57 and 100 % LTS, respectively, and therefore neither group reached MS whereas the MS for rats that received no treatment was 15 days with all control rats dead by Day 18. The efficacy of the combination of OncoGel and TMZ is further evident when compared to the MS of 36 days and no LTS in the group that received one of the current clinical treatments of Oral TMZ and XRT. The combination of OncoGel with oral or local TMZ resulted in higher survival than any single agent treatments. Also, the number of LTS was higher in the group treated with OncoGel and local TMZ when compared to rats treated with OncoGel and oral TMZ, thereby suggesting that maximum synergistic effect is observed with the former combination. We thus demonstrate that there is a synergistic effect of the combination of an alkylating agent (TMZ) with a Taxane (paclitaxel) against gliosarcomas in vivo and that this combination does not produce local or systemic toxicity.
In clinical practice, almost all patients with malignant gliomas receive some form of radiation therapy [34, 35] . It is therefore imperative to determine the in vivo effect of any new chemotherapeutic strategy when administered in conjunction with radiation therapy. We examined the effect of adjuvant XRT on combinations of OncoGel with oral or local TMZ. Consistent with our hypothesis, the combined regimen of adjuvant XRT, OncoGel and either mode of TMZ administration (oral or local) significantly increased survival when compared to both the control group and the oral TMZ and XRT combination group. The addition of OncoGel to the TMZ/XRT combinations did not add any demonstrable toxicity. Furthermore, in the group that received OncoGel, Oral TMZ and XRT, all rats survived to 120 days and the survival in this group was significantly better than treatment with any of the individual agents (Oral TMZ, Local TMZ or OncoGel), thus indicating a strong therapeutic effect of this treatment regimen. This triple combination group showed statistically longer survival (p \ 0.0001) than the clinically comparable combination of oral TMZ and XRT. The increase in efficacy of the OncoGel and TMZ combination when administered along with radiotherapy could be attributed to the polymerization of microtubules by paclitaxel, which substantially increases the fraction of cells in G2/M phase, the optimal time period for radiosensitization during the cell cycle [36, 37] .
Some limitations of our study should be noted. First, we used rodent glioma cell lines, whose characteristics may be different from human glioma. In particular, the 9L gliosarcoma line used in our study is a highly immunogenic tumor due to which the anti-tumor response of experimental therapeutic strategies may be amplified. Second, our in vivo efficacy studies utilized only a single rodent glioma model. Future studies examining the efficacy of the combination therapy of OncoGel and TMZ should be performed in complementary glioma models such as orthotopic xenografts from human glioma tissue. Third, in our study, rats were administered OncoGel on Day 0, while TMZ wafers were implanted on Day 5. Direct translation of this strategy into clinical trials may be limited, as this would necessitate two surgical procedures. Therefore, our proof of concept study should be expanded upon by identifying the therapeutic window when Oncogel and TMZ can be administered simultaneously, in a clinically applicable paradigm.
Conclusion
The combination of OncoGel (paclitaxel) with oral or local TMZ is safe, effective and synergistic in the treatment of the rodent 9L gliosarcoma model. Adjuvant radiation therapy further increases the efficacy of this combination therapy. Future studies examining the efficacy of this combination in other glioma models are needed before moving forward into clinical trials.
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